where, e, n n, p, r g and m g denote the void fraction, velocity vector, pressure, density, and viscosity of a fluid, respectively. The local void fraction is obtained from the particle locations calculated by DEM. The source term f g takes into account the interaction force between fluid and particles.
Introduction
Reduction of CO 2 emissions from the steelmaking industry is a serious subject. Primary method of reducing CO 2 emission is low reducing agent operation in blast furnace. The conception of shaft gas injection and oxygen blast furnace is a favorable way to decrease coke rate remarkably. Regarding shaft gas injection of reducing gas, some excellent researches had been carried out by method of injection of reformed coke oven gas or partial oxidation gas. [1] [2] [3] The validity of this process (NKG) was confirmed by the experimental blast furnace.
1) It was reported that shaft gas injection into the blast furnace enabled the decrease of coke rate from 571 to 374 kg/thm in the experimental blast furnace operation. 1) Moreover, oxygen blast furnace process had been investigated around 1990. 4, 5) In this process, cold oxygen was injected from burner to intensify the coal injection. In this process, gas injection from auxiliary tuyere was utilized to make up heat balance in the upper part of blast furnace. There were some differences on the shaft gas injection level between the above processes corresponding to their purpose. Recently, New Blast Furnace in ULCOS (Ultra Low CO 2 Steelmaking) has been developed and some campaigns have been carried out by the experimental blast furnace. 6, 7) The basic conceptions of above representative processes are shown in Fig. 1 . Totally, shaft gas injection can be considered to be an important technology to expand the blast furnace capability. However, the common subject in shaft gas injection is the effectiveness of gas penetration in the actual blast furnace, and the influence of the injection condition should be examined.
In the present study, three dimensionally dynamic behavior of gas flow and solid motion caused by gas injection was analyzed by a hybrid model of discrete element method (DEM) and continuum model (CFD). 8) The analysis by DEM-CFD model for the blast furnace is considered to provide useful information on the effectiveness of shaft gas in- In order to mitigate CO 2 emissions from steel industry, decreasing coke rate by shaft gas injection such as top gas recycling is a favorable way. The conception based on oxygen blast furnace is able to bring several profits for intensifying gas reduction and decreasing coke rate by massive coal injection. In these processes, gas injection from auxiliary tuyere plays an important role to inject reducing gas or make up heat balance in the upper part. Therefore, the effect of shaft gas injection is considered to be so important factor to realize the above processes. In the present study, dynamic behaviors of gas and solid flow, and stress distribution between particles in the blast furnace with gas injection at different shaft levels were three-dimensionally examined by DEM-CFD.
Dynamic Analysis of Gas and Solid Flows in Blast Furnace with Shaft Gas Injection by Hybrid Model of DEM-CFD
Since the permeability resistance of burden in blast furnace is dominant for gas flow, gas injection from auxiliary tuyere is restricted to specified areas due to the insufficient horizontal inertial gas force compared with upwards gas. Although these results are slightly influenced by the number of auxiliary tuyeres and gas velocity, the overall behaviors do not change. It was estimated that shaft gas did not diffuse uniformly. The penetration of shaft gas into center of the blast furnace is limited to peripheral zone. Thus, penetration area of shaft gas in horizontal section is almost proportional to ratio of shaft gas and gas from the conventional tuyere. Then, the change of stress distribution between particles was calculated and gas penetration effect was quantitatively clarified.
jection in the actual blast furnace. Since, the motion of each particle can be individually calculated in DEM, the influence of structure of burden layers can be accurately represented. 9) In the present model, it is easy to change the injection points and gas injection conditions, and the dynamic behavior of gas-solid flows through the layers of coke and ore can be visually clarified. As case studies, additional gas was injected from upper and lower part of shaft changing the number of auxiliary tuyere, and gas and solid motion and stress distribution were analyzed. Totally, dynamic behavior of gas and solid flows and penetration effect of shaft gas were studied.
Structure of Present Model

Formulation of Particle Motion by DEM
The basic equations of DEM in the present study are as given below. Contact forces are described by the Voigt model that consists of spring, dash pot and slider in Fig.  1(a) . At time t, the translational displacement u i and the rotational displacement j i of the particle i with mass m by the contact force that works between two particles are shown as follows. (2) where K, h, I, R, f g and g are the stiffness, a damping coefficients, the moment of inertia, radius of particle, the particle-fluid interaction force and gravitational acceleration. The contact force F acting on a particle j to i is expressed as: (8) where E and n denote the Young's modulus and Poisson's ratio of a particle, and D b is the radius of the contact circle. When the shear force is larger than the static friction force, the following shear stress employs. (9) where, m denotes the maximum static friction coefficient. In order to represent the shapes of coke and ore, rolling friction which mitigates the shear stress acting on the contact circle was incorporated in the model. (11) where T and M are the received torque of a particle and the function of the rolling friction coefficient. The rolling friction coefficient a is decided depending on the physical properties of the particle surface. In fact, it is difficult to treat all actual particles in a blast furnace as DEM particles because the number of particles that can be handled practically in DEM is limited by the capacity of the computer. Therefore, the particle number was reduced by cluster approximation, in which two or more particles are represented by one particle, as shown in Fig. 2 
(b).
10-12)
Formulation of Fluid Flow by Continuum Model
The movement of the fluid is described by the continuity equation and the Navier-Stokes equation. ...
where, e, n n, p, r g and m g denote the void fraction, velocity vector, pressure, density, and viscosity of a fluid, respectively. The local void fraction is obtained from the particle locations calculated by DEM. The source term f g takes into account the interaction force between fluid and particles. The gas flow equations are common to the gas from ordinal tuyere and auxiliary tuyere at shaft gas injection.
Particle-Fluid Interaction
When the calculation region is divided into microscopic cells in order to calculate the gas flow in the blast furnace, the fluid velocity is treated as superficial velocity in Eqs. (12) and (13) . In this study, the void fraction in the packed bed is calculated from the location of the particles obtained as a result of the particle movement analysis by DEM. The pressure drop is expressed by the multi-dimensional Ergun's equation for a packed bed. 13, 14) In this study, only the gas velocity is considered, as it was assumed that the particle velocity in the packed bed is sufficiently small in comparison with the gas velocity.
... (14) where, d p denotes the representative particle diameter in a cell. The pressure drop in the cell is considered to be the total of the momentum exchange of the particles. Therefore, a cluster particle used in DEM receives the total drag forces of the actual particles which are included in the cluster, as shown in Fig. 2(b) . For the particle-fluid interaction force, Ergun's equation is applied in the low void fraction region and the Wen and Yu equation is applied in the high void fraction region. 18) where, N i , n n pi and n n g denote the number of actual particles included in a cluster particle and the velocity vectors of the particle and the gas, respectively.
Procedure of Simulation
DEM-CFD Model for the Blast Furnace
A blast furnace of 5 000 m 3 inner volume with 40 tuyeres was taken as the object for present simulation. The profile of the blast furnace is shown in Fig. 3 . In order to decrease number of particle in DEM, semicircle model which has a flat wall in front with no friction was employed. However, this model is based on the three dimensional structure.
Raceways are represented by 20 spheres with 1.6 m in diameter which placed equally-spaced on wall at tuyere level. Particles of coke entrained in the raceway disappeared at arbitrarily-specified interval. The pig iron and slag layer in the hearth are not considered. The curved line which denotes melting zone was placed from 1.0 to 7.4 m over tuyere level as shown in Fig. 3 , and particles of ore disappeared on the line. The top surface of burden descends with consumption of ore at melting zone and coke at raceways. When surface of burden places at 1 m below from stock line, coke and ore particles are charged alternately. Gas phase was assumed to be isothermal and incompressible.
Motion of burden particles was calculated by the DEM and, then distribution of voidage was derived from position of particles. Depending on the voidage in blast furnace, gas flow was calculated by CFD. Gas drag force on particle in DEM was generated from gas flow. The details of the DEM-CFD model were described in the previous papers. 8) In this study, the method based on numeric strict technique (Controlled Volume method) proposed by Okaya et al. was adopted for derivation of voidage. 16) By the application of the previous study, three times of radius was employed for the spherical control volume radius around particles for calculating void fraction in the blast furnace.
8) Accordingly, the characteristics such as the voidage distribution in blast furnace can be well represented without losing the local information on the packed bed.
Application of DEM-CFD Model for Shaft Gas
Injection Several shaft gas injection processes which have been proposed until now are shown in Fig. 1 
reference to these previous processes in the past, the calculation conditions were selected. The auxiliary tuyere was placed at 16 m as the upper level and 8 m as the lower level above the tuyere. The latter condition was determined after considerations of reducing gas injection such as NKG and New Blast Furnace in ULCOS. 1, 6) The former is corresponding to injection of preheating gas in the oxygen blast furnace. 4 ) Table 1 shows condition of calculation in CFD module. Table 2 shows the condition of gas volume distribution from ordinary tuyere and auxiliary tuyere. The gas volume injected from auxiliary tuyere at upper and lower part of shaft was 30% of total gas volume. For shaft gas injection at upper level, 12 or 6 tuyeres were placed at 16 m above the tuyere level, namely, 6 or 3 in the semicircle. For lower level injection, 20 or 10 tuyeres were placed at 8 m above the tuyere level, namely, 10 or 5 in the semicircle. Table 3 shows condition for DEM. In order to mitigate the computation load, the diameter of particle was enlarged. Firstly, coke was disappeared in front of tuyere and coke and ore charged alternately for 60 s in DEM time, stable solid flow of burden was achieved without gas flow. Then under the condition of Tables 1, 2 , and 3, gas and solid motions were calculated for 480 s. In the DEM calculation time was accelerated for 120 times, therefore the calculation has been done for 4 s in DEM time.
Calculated Results
Change in Gas Flow and Gas Drag Force by Shaft Gas Injection
The structure of burden layers during ore charging calculated by DEM is shown in Fig. 4 . Dark and gray particles represent ore and coke, respectively. Ore particles were charged around 3 s in DEM time. It was confirmed that structure of burden layer was three-dimensionally represented by the above calculation conditions. The calculated gas flow in blast furnace for each case based on DEM-CFD is shown in Fig. 5 . Figure 5 (a) represents gas flow without shaft gas injection, and Figs. 5(b-1) and 5(b-2) are that with shaft gas injection from 12 or 6 auxiliary tuyeres at upper part of shaft, namely 6 or 3 in the semicircle. In Figs. 5(c-1) and 5(c-2) are that from 20 and 10 of tuyeres at lower part, namely 10 and 5 in the semicircle respectively. Each arrow denotes gas vector composed of gas velocity and direction in each cell. The large white arrow shows the injection level. It is thought that the penetration region of gas is almost dominated by the momentum distribution because the diffusion distance of injected gas is much smaller than that of convection effect. [1] [2] [3] [4] From Fig. 5 , the influence of shaft gas injection was observed around the injection level in each case. Especially, in case of Figs. 5(b-1) and 5(b-2), the gas flow nearby the wall deformed by the shaft gas injection. The upward gas was slightly pushed to center. The influence of auxiliary tuyere on gas flow is slightly strong in Fig. 5(b-2) , in which the gas velocity from the auxiliary tuyere is much higher than Fig. 5(b-1) . For every case, in the upper part above the injection level, the gas flow almost directed to upward, and the influence of injected gas disappear above the injection level. The gas velocity in the central part at the throat was intensified by the influence of inclined burden surface in every case as shown in red colored vector in Fig. 5 .
The three-dimensional gas vector at the injection level is shown in Fig. 6 , and the horizontal gas velocity is shown in Fig. 7 . In Fig. 6 , the direction and velocity of gas can be recognized by the shape of plane consisted of vector and color at the injection level, and the curved shape of horizontal gas flow is related to the injected gas velocity. The red color part denotes the intensified gas flow in the horizontal direction in Figs. 6 and 7. The blue region in Fig. 7 is equivalent to the part where the uniform upward gas dominates. Most part in Figs. 6 and 7 consisted of blue or green region. It was estimated that the region influenced by shaft gas injection as shown in red color was restricted in the vicinity of the auxiliary tuyere. In case of Fig. 7(b-2) , the red region where the horizontal gas flow was relatively strong could be clearly recognized. In case of (c-1) in Fig.  7 , the horizontal gas flow was weak, because the gas velocity from the auxiliary tuyere was low. Although these results were calculated from the momentum balance of gas, the penetration area of injected gas could be qualitatively estimated from gas velocity distribution.
The drag force by gas flow on particle at the level of ϩ0 m, ϩ2 m and ϩ4 m above auxiliary tuyere is shown in Fig. 8 . Since the gas drag force on particles reflects the inertia force of gas and the packing state in the packed bed, it can be considered to be an index of gas penetration obtained as a solution of DEM-CFD. High forced regions as shown in red color can be seen around the auxiliary tuyere at injection level, and it is similar to the horizontal gas flow shown in Fig. 7 . The area of red region is dependent on the gas velocity through the auxiliary tuyere, and it is estimated that the penetration region of injected gas is limited in the vicinity of the auxiliary tuyere. Especially, as shown in Figs. 8(c-1) and 8(c-2) at lower part injection of reducing gas, the region which is affected by injected gas is located only in the peripheral zone nearby the wall, because the diameter of the lower part is relatively large compared with the upper part. Since the permeability resistance of the packed bed is so large, velocity of injected gas from auxiliary tuyere is rapidly decreased. At ϩ2 m and ϩ4 m level above the injection level, the drag force distribution becomes almost flat as shown in Fig. 8 . These above results are considered to be important to evaluate the effect of shaft gas injection and determine the favorable injection point in blast furnace.
Pressure Distribution at Shaft Gas Injection
The amount of gas volume from ordinary tuyere changes with the shaft gas injection. Consequently, the gas flow and distribution of pressure in the blast furnace were varied. The isobar planes in blast furnace with shaft gas injection are shown in Fig. 9 . Top plane indicate the surface of burden, and it is the basis of the isobar. Other planes are plotted in the equal pressure interval, and the color represents relative pressure.
In the operation without shaft gas injection, the isobar planes are nearly flat and locate in equal distance. In the present calculation, the gas condition was considered to be isothermal and incompressible, therefore, absolute value of 6 . Three-dimensional representation of gas velocity vectors at level of shaft gas injection.
Fig. 7.
Horizontal velocity of gas flow at level of shaft gas injection. Fig. 8 . Gas drag force distribution for each particle at level of shaft gas injection, ϩ2 m and ϩ4 m (0 m: shaft gas injection level).
pressure drop is different from that of the actual blast furnace. However, the influence of shaft gas injection on isobar can be relatively examined. Around the auxiliary tuyere level, the shape of isobar plane is much different from the other isobar planes. Since the auxiliary tuyeres in shaft are placed intermittently, the pressure in the peripheral zone becomes uneven circumferentially. The variation of number of auxiliary tuyere caused unevenness of isobar plane near the tuyere, however the unevenness was not observed at ϩ2 m above the auxiliary tuyere of shaft. The circumferential unevenness of isobar plane affect only on pressure distribution at the injection level. From Fig. 9 , it was estimated that the horizontal gas flow was so weak and gas velocity to upward was almost flat except the injection level and burden surface.
Solid Motion and Normal Stress Distribution at Shaft Gas Injection
The distribution of drag force on particle in whole blast furnace is shown in Fig. 10 . Figure 10(a) is that without the shaft gas injection, Figs. 10(b) and 10(c) show the state of gas drag force at the upper part injection and the lower part injection, respectively. Color of particle represents the magnitude of drag force on each particle. The general tendency of the drag force on particle is similar to each other. Strictly, the drag force below the auxiliary tuyere of shaft decreases due to the shaft gas injection. The distribution of drag force is generally dependent on the distribution of gas volume to the auxiliary tuyere and the ordinary tuyere. In an actual condition, the purpose of the shaft gas injection is to decrease of coke rate, so these behaviors such as drag force and pressure distribution is influenced by the coke rate. However, the aim of the present research is to clarify the fundamental dynamic behavior of gas and solid at shaft gas injection, and these above basic results are available for analysis of shaft gas injection. The precise analysis considering the influence of coke rate and burden distribution is the subject remained.
The distribution of normal stress between particles along vertical axis is shown in Fig. 11 . The stress of particle was derived by summation of force of all contact points divided by surface area. 17) These values on the normal stress at specified height were averaged on each height. Solid, broken, and chain lines denote those without shaft gas injection, with the injection from upper part of shaft, and with that from lower part of shaft, respectively. Since the normal stress distribution was influenced by the blast furnace profile, 14) it shows the maximum value at 7.0 m above the tuyere level, and the normal stress between particles around bosh was slightly mitigated by the bosh angle. From Fig.  11 , it was observed that these tendencies along the vertical axis were little influenced by shaft gas injection. Figure 12 shows the three-dimensional normal stress distribution between particles in whole blast furnace. In Fig. 12 , the stress network can be clearly observed. High normal stress region concentrates mainly in the deadman in three cases. As mentioned above, the shaft gas injection has an influence in the vicinity of the auxiliary tuyere through the gas flow and drag force on particles. Although these regions change with the number of auxiliary tuyere and gas velocity, they are restricted to the specified area. Also in Fig. 11 , it was observed that the normal stress distribution in whole blast furnace was little influenced by the shaft gas injection. Moreover, Fig. 13 shows the descending velocity of burden at the steady state calculated by DEM. As the descending velocity changes with burden charging, 17) Fig. 13 denotes the descending velocity of burden at steady state before charging. The descending velocity is basically dependent on the blast furnace profile and the melting zone shape. From Fig. 13 , it was found that the descending velocity of burden was not influenced by the shaft gas injection.
Evaluation of Shaft Gas Injection Based on the Calculated Results
The conception of gas flow and penetration of shaft gas is shown in Fig. 14 . At the injection level of the shaft gas, the isobaric plane is curved in the vicinity of injection point. The upward gas was suppressed to the center by the injected gas. However, the isobar plane became flat in the region above the injection level. It means that the gas velocity distribution across the radius is almost uniform. Accordingly, as shown in Fig. 14 , it is estimated that the penetration area of injected gas is proportional to the relative gas volume of injected gas. Although this study does not include the diffusion effect, the above results agree with the experimental result by Nishio et al. 2) They confirmed the diffusion effect of injected gas by the three-dimensional cold model and theoretical calculation.
Totally, the effect of shaft gas injection of reducing gas is dependent on the amount of injected gas from this analysis. The area which the injected gas can penetrate is almost determined by the gas volume of injected gas. In the blast furnace, since the effect of the radial eddy diffusion is limited,
2) the design of shaft gas injection point and gas volume as to shaft gas injection of reducing gas is very important. Generally, if the injection gas property is much different from that of the upward gas from the ordinary tuyere, the inner state of blast furnace is divided to the dissimilar zones. The behavior of the injection gas has a great influence on the effect of shaft gas injection. On the other hand, regarding the gas injection from upper part to control the heat flow ratio such as oxygen blast furnace, the diffusion effect is not so important. The gas injection from upper part is available technology to control the heat balance of the upper part of blast furnace.
Conclusions
The gas flow and solid motion in blast furnace with shaft gas injection were three-dimensionally analyzed by the hybrid model of DEM and CFD. The following conclusions were obtained.
(1) The influence of shaft gas injection is restricted to peripheral zone due to the permeability resistance of burden. The gas velocity and the number of auxiliary tuyere at shaft gas injection have little influence on the penetration effect to central part of blast furnace. Gas flow change in horizontal direction is observed only in the vicinity of the auxiliary tuyere level.
(2) The shape of the isobar planes in blast furnace was distorted by shaft gas at the injection level, however in the upper part above the injection point the isobar planes became almost flat. It means that the penetration effect to horizontal direction is not significant. The momentum effect of shaft gas was so small compared with upwards gas.
(3) The shaft gas injection has little influences on normal stress between particles of the burden around bosh. The stress net work of burden and solid flow above the injection points were little influenced by the shaft gas injection in case of the present calculation condition.
(4) From the dynamic behavior of shaft gas, it was estimated that the injection gas could not diffuse effectively into center of the blast furnace. The area occupied by injected gas in horizontal section was almost proportional to ratio of injection gas volume to blast gas volume from ordinary tuyere. As to the injection of reducing gas, the design of injection point and gas volume was very important.
